Ezrin is a member of the ERM (ezrin/radixin/moesin) family of proteins that links cortical cytoskeleton to the plasma membrane. High expression of ezrin correlates with poor prognosis and metastasis in osteosarcoma. In this study, to uncover specific cellular responses evoked by ezrin inhibition that can be used as a specific pharmacodynamic marker(s), we profiled global gene expression in osteosarcoma cells after treatment with small molecule ezrin inhibitors, NSC305787 and NSC668394. We identified and validated several up-regulated integrated stress response genes including PTGS2, ATF3, DDIT3, DDIT4, TRIB3, and ATF4 as novel ezrin-regulated transcripts. Analysis of transcriptional response in skin and peripheral blood mononuclear cells from NSC305787treated mice compared with a control group revealed that, among those genes, the stress gene DDIT4/REDD1 may be used as a surrogate pharmacodynamic marker of ezrin inhibitor compound activity. In addition, we validated the antimetastatic effects of NSC305787 in reducing the incidence of lung metastasis in a genetically engineered mouse model of osteosarcoma and evaluated the pharmacokinetics of NSC305787 and NSC668394 in mice. In conclusion, our findings suggest that cytoplasmic ezrin, previously considered a dormant and inactive protein, has important functions in reg-ulating gene expression that may result in down-regulation of stress response genes.
Ezrin is a prototype member of the ERM (ezrin/radixin/moesin) protein family of membrane-cytoskeleton linkers (1) . Ezrin has been implicated in the regulation of many essential cellular functions including cell adhesion, motility, regulation of ion channels, maintenance and determination of cell shape, morphogenesis, cell proliferation, and apoptosis (2) . A growing body of evidence suggests that high ezrin expression correlates with metastatic behavior and poor clinical outcome in a variety of tumors including melanoma, colorectal cancer, endometrioid carcinoma, astrocytic tumors, soft tissue sarcomas, and adenocarcinomas of lung and breast (3) (4) (5) (6) (7) (8) (9) (10) (11) . Ezrin has also been directly implicated in tumor progression and metastatic process in pediatric solid tumors of mesenchymal origin including osteosarcoma and rhabdomyosarcoma (12) (13) (14) .
Osteosarcoma is the most common and highly invasive primary malignant tumor of bone. Osteosarcoma can affect people of any age but occurs typically in adolescents and young adults and accounts for ϳ5% of all childhood tumors (15) . Advances in induction and adjuvant chemotherapy protocols in addition to surgery have largely improved 5-year survival rates of patients with only localized disease to 60 -70% (16) . Most patients diagnosed with localized osteosarcoma are considered to have micrometastases undetectable by the current procedures at the time of diagnosis (17) . Osteosarcoma recurs in ϳ30 -40% of those patients initially diagnosed with "non-metastatic" disease, which results in a poor prognosis with a 5-year survival of less than 20%. The development of metastasis, commonly to the lungs, remains the major cause of death in osteosarcoma patients (18) . A high level of ezrin is associated with a poor prognosis in pediatric osteosarcoma patients and in spontaneous canine osteosarcomas (12, 19) . Ezrin directly increases the metastatic capability of osteosarcoma cells by providing an early survival advantage for cancer cells reaching the lung in a mouse model (12, 19) . Therefore, development of novel tar-geted therapeutics that effectively inhibit ezrin to prevent pulmonary metastasis is urgently needed.
The current understanding of ezrin function is based on its dynamic behavior involving a conformational change switching the protein from a closed/inactive state to an open/active state through intramolecular interactions between the N-terminal domain (FERM) and F-actin binding site in the C-terminal region. In its closed state, self-association of the ezrin masks the respective protein binding sites on N-terminal site and renders the protein inactive in the cytoplasm. Unfolding and thus activation of ezrin occurs in response to binding to membrane phospholipid PIP 2 through its N-terminal FERM domain and subsequent phosphorylation of a conserved threonine residue within the C-terminal domain (2, 20) . This form of ezrin is regarded as fully functional; it can bind various membraneassociated proteins and the underlying cortical F-actin via its N-terminal and C-terminal domains, respectively. Recent data from our lab has demonstrated that the function of ezrin extends beyond its classical role as a cross-linker protein at the membrane-cortex interface to bind with DDX3 as a modulator of translation (21, 22) . Thus, our prior findings suggested that ezrin has a role in integrating cellular stress response with the regulation of mRNA translation, thereby possibly rendering the cells more resistant to oncogenic stress encountered during metastatic progression (21) .
In our earlier studies, we have discovered two small molecule inhibitors of ezrin, NSC305787 and NSC668394, which bind directly to ezrin and inhibit its activity in mediating the metastatic progression of osteosarcoma cells in multiple in vitro and in vivo experimental models (23) . In the present study, we expand on our previous findings by demonstrating that treatment with NSC305787 significantly reduces pulmonary metastasis in a transgenic mouse model of osteosarcoma. We additionally studied the pharmacokinetics of NSC305787 and NSC668394 in mice and used a genomic approach to identify key ezrin-mediated biological pathways in osteosarcoma cells modulated by anti-ezrin compounds that can be used as pharmacodynamic marker(s) of compound treatment. Finally, our analysis of gene expression in NSC305787-treated mice compared with a control group revealed that among the set of compound-up-regulated specific target genes, the stress gene DDIT4/REDD1 may be used as a surrogate pharmacodynamic marker of response to ezrin inhibition.
Experimental Procedures
Cell Lines and Culturing-Human MG63.3 osteosarcoma, mouse K7M2 osteosarcoma, and canine MCKOS, SKKOS, and CSKOS osteosarcoma cells were maintained in DMEM supplemented with 10% FBS in a humidified atmosphere of 5% CO 2 at 37°C. The canine osteosarcoma cells were kindly provided by Dr. D. H. Thamm (Colorado State University, Fort Collins, CO). The human MG63.3 and mouse K7M2 cell lines were kindly provided from Dr. C. Khanna (NCI, National Institutes of Health, Bethesda, MD). K7M2 cells were derived from the clonally related K12 cell line through in vivo selection by repeated cycling of cells from pulmonary metastases into the orthotopic site (24) . K7M2 cells express higher levels of ezrin protein, which leads to a greater potential to metastasize to the lungs than K12 cells (25) . MG63.3 cells were derived from MG63.2 using in vivo passage by a process of experimental metastasis (25, 26) .
Gene Silencing with siRNA-The prevalidated siRNA sequence targeting human ezrin (catalog no. s14796; Invitrogen) or nontargeting control (siGENOME nontargeting siRNA control pools/pool 2 D-001206-14-50; Dharmacon, Lafayette, CO) were transfected using X-tremeGene siRNA transfection reagent (Roche) according to the manufacturer's instructions. The cells were analyzed for ezrin expression after 72 h by immunoblotting.
Quantitative RT-PCR-Changes in transcript expression levels of PTGS2, ATF3, DDIT3, DDIT4, TRIB3, and ATF4 were determined by real time quantitative RT-PCR. Total RNA from osteosarcoma cells and mouse peripheral blood mononuclear cells (PBMCs) 2 were extracted using the RNeasy Mini Kit (Qiagen; catalog no. 74104). Total RNA from mouse skin was extracted using the TRIzol reagent (Ambion/Thermo Fisher Scientific; catalog no. 15596018). Total RNA was reverse transcribed using a transcriptor first-strand cDNA synthesis kit (Roche) according to the manufacturer's protocol. A portion of the total cDNA was amplified by real time PCR on a LightCycler 480 II system using SYBR green mix (Sigma-Aldrich). The reactions were performed in a 20-l volume (10 l of 2ϫ master mix, 1.0 l of 10 mol/liter forward and reverse primer mix, and 2.0 l of cDNA) as triplicates on a 96-multiwell plate. The PCR cycling conditions were as follows: preincubation at 95°C for 10 min and 40 amplification cycles, including denaturation at 95°C for 30 s, annealing at 55°C for 30 s, and extension at 72°C for 45 s. Finally, a melting curve analysis was performed by a stepwise temperature increase from 65 to 97°C to check primer specificity. The relative target gene expression was quantified by the ⌬⌬Ct method using either 18S rRNA or GAPDH for normalization. The sequences of human, mouse, and canine primer pairs are shown in Table 1 .
Immunoblotting-To verify ezrin knockdown, MG63.3 human osteosarcoma cells were lysed on ice for 30 min in phospholysis buffer (50 mmol/liter HEPES, pH 7.9, 100 mmol/liter NaCl, 4.0 mmol/liter sodium pyrophosphate, 10 mmol/liter EDTA, 10 mmol/liter sodium fluoride, and 1% Triton X-100) containing 2.0 mmol/liter sodium vanadate, 1.0 mmol/liter PMSF, 4.0 g/ml aprotinin, 4.0 g/ml leupeptin, and 1.0 g/ml calyculin A. Protein concentrations of cell lysates were determined by the BCA assay and using bovine serum albumin as a standard (Pierce). Immunoblotting was performed as previously described (21) . Proteins were resolved by SDS-PAGE and then transferred to an Immobilon-P membrane (Millipore, Billerica, MA). Proteins were probed using following primary antibodies: antiezrin, 1:2,500 (Sigma-Aldrich; E8897); and antiactin-HRP, 1:5,000 (Santa Cruz Biotechnology, Santa Cruz, CA; sc-1615). The blots were developed using Millipore Immobilon Western chemiluminescent HRP substrate according to the manufacturer's instructions (Millipore, Billerica, MA). Chemi-luminescence was detected using a Fujifilm LAS-3000 imaging system.
Gene Expression Profiling-For microarray analysis, 2 ϫ 10 5 cells were plated on a 100-mm dish and grown until they reached at 60 -70% confluency. The cells were starved in serum-free DMEM for 2 h prior to treatment. The cells were treated with 3.0 mol/liter of NSC305787, 3.0 mol/liter of NSC668394, or vehicle control (DMSO) for 6 h at 37°C. Gene expression analysis was performed on quintuple cultures for each condition. Total RNA was isolated using QIAshredder and RNeasy mini kit (Qiagen). Total RNA concentration and quality control was assessed using NanoDrop 2000c spectrophotometer (Thermo Fisher Scientific). RNA integrity was assessed using the Agilent 2100 Bioanalyzer system (Agilent Technologies, Palo Alto, CA). Samples with RNA integrity number Ͼ7 were used in subsequent RNA amplification and hybridization steps. Transcriptome-wide expression profiling was performed using Illumina HumanHT-12 v4 Expression BeadChip Arrays (Illumina, San Diego, CA). Briefly, the raw data were preprocessed by Illumina GenomeStudio, and the preprocessed data were loaded into Partek Genomics Suite 6.6 for normalization and following statistical analysis. ANOVA model was employed to calculate overall and pair-wise p values, and a p value lower than 0.05 was used in combination with a fold change of 1.5 as cutoff thresholds to identify differentially expressed genes.
Transgenic Mouse Model of Osteosarcoma-All animal studies were conducted with the approval of Georgetown University's Institutional Animal Care and Use Committee in accordance with the requirements of the NIH. For all animal experiments, NSC305787 and NSC668394 were solubilized in DMSO, and the dosing solution of each compound was prepared at a concentration of 0.1 mmol/liter in 1% (v/v) DMSO prepared in sterile PBS.
The Osx-Cre ϩ p53 fl/fl pRB fl/fl transgenic mouse model of osteosarcoma was generously provided by Dr. S. H. Orkin and Dr. K. A. Janeway (Harvard Medical School, Boston, MA) and has been previously described (27) . Female mice homozygous for the p53 lox and pRB lox genes (p53 fl/fl pRB fl/fl ) on a mixed background were crossed with male mice hemizygous for a Osx-Cre transgene (Osx-Cre ϩ p53 fl/fl pRB fl/fl ; bearing only a single conditional allele of Cre transgene) to generate Osx-Cre ϩ p53 fl/fl -pRB fl/fl animals. The resulting offspring were genotyped by PCR analysis of genomic DNA isolated from tail biopsies of weanlings using the following primer pairs specific to Cre Recombinase transgene: Cre1 (5Ј-GACCAGGTTCGTTCAC-TCATGG-3Ј) and Cre2 (5Ј-AGGCTAAGTGCCTTCTCTA-CAC-3Ј). Female mice were fed with doxycycline-containing food (2,000 mg/kg diet; Harlan Laboratories) throughout the pregnancy until the weaning of the offspring at 21 days to repress the expression of Cre recombinase. All of the animals were observed daily, and tumors were measured at least once a week using a slide caliper. The tumor volumes were calculated using the following formula: tumor volume ϭ (/6) ϫ length 2 ϫ width. Once tumors were detected, mice were randomly assigned to control (DMSO), NSC305787 treatment, and NSC668394 treatment groups. Mice were treated with 240 g/kg/day NSC305787, 226 g/kg/day NSC668394, or vehicle (DMSO, 1%) once daily, five times a week by i.p. injection in a volume of 100 l. At the end of the study, lung and tumor samples were isolated upon necropsy. Half of each sample was flash frozen immediately in liquid nitrogen, and the other half was fixed in 10% formalin for 18 -24 h, transferred to 70% ethanol, and stored at room temperature.
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Activating transcription factor 4 CTTTACCTTTCTGCAACCACTTC ACTTCACTGCCTAGCTCTAAAC PSMD7
Proteasome (prosome, macropain) 26S subunit, non-ATPase, 7 CAGGCCCTAAACTACACAAGAA AGGTCCTTTGGCTTCACATC were used. Blood was collected at indicated time points by cardiac puncture using a 1-ml syringe under anesthesia and transferred to 1.3-ml EDTA tubes (Sarstedt, Nuermbrecht, Germany). Blood samples were centrifuged at 1,000 ϫ g for 10 min at 4°C to obtain plasma. Plasma samples were stored at Ϫ80°C until further analysis. NSC305787 or NSC668394 (50 l of plasma) was extracted with 200 l of acetonitrile containing 50 ng/ml of the internal standard NSC668394 or NSC305787, respectively. After centrifugation, the supernatant was injected into the LC/MS/MS system. Separation was achieved with an Agilent Zorbax XDB-C18 (4.6 ϫ 50 mm, 5 m) column at room temperature at 0.5 ml/min for 3 min. A gradient was implemented using mobile phases A (water, 0.1% formic acid) and B (acetonitrile, 0.1% formic acid): 60% B for 0.0 -0.5 min, increased from 60% B to 90% B over 0.5-1.5 min, held at 90% B from 1.5-2.5 min, and then decreased to 60% B for 2.5-3 min for column re-equilibration. The analytes were monitored using an AB Sciex triple quadrapole TM 5500 mass spectrometric detector (Applied Biosystems, Foster City, CA) using electrospray ionization operating in positive mode. The spectrometer was programmed to allow the [MH ϩ ] ions of NSC305787 and NSC668394 at m/z 445.3 and 452.9, respectively, to pass through the first quadrupole (Q1) and into the collision cell (Q2). The daughter ions for NSC305787 (m/z 427.2) and NSC668394 (m/z 189.2) were monitored through the third quadrupole (Q3). Calibration curves for NSC305787 or NSC668394 were computed using the area ratio peak of the analyte to the internal standard by using a quadratic equation with a 1/x 2 weighting function over the range of 1-500 ng/ml. Mean NSC305787 or NSC668394 concentrations were calculated at each time point. Pharmacokinetic parameters were calculated from the mean concentration-time data using noncompartmental methods as analyzed in Pheonix WinNonlin version 6.3 (Pharsight A Certara Company, Cary, NC).
Pharmacodynamic Studies-CD-1 male mice used for gene expression analysis of PTGS2, ATF3, DDIT3, DDIT4, TRIB3, and ATF4 in PBMCs and skin were purchased from Harlan Sprague-Dawley, Inc. The mice were dosed with either vehicle (DMSO, 1%) or NSC305787 (240 g/kg/day) through i.p. injection once daily for 3 consecutive days in a volume of 100 l. The animals were euthanized 3 h after the last injection. Blood was collected through cardiac puncture in EDTA tubes (Sarstedt, Nuermbrecht, Germany). PBMCs were then isolated by Histopaque-1077 density gradient cell separation protocol according to the manufacturer's instructions (Sigma-Aldrich; catalog no. 10771). Skin samples from the back were collected as well and snap-frozen in liquid nitrogen immediately upon necropsy.
Osteosarcoma Phenotypes: Histopathological Analysis-An expert pathologist performed the analysis of the biopsies stained with hematoxylin and eosin, with attachment on the criteria established by the World Health Organization (28) . Both primary tumors and lungs were completely embedded and included in histopathologic analysis regardless of macroscopical absence of neoplasm.
Statistical Analysis-Statistical analysis of microarray data were performed by ANOVA model, and the unpaired pair-wise comparison was made among groups using Partek Genomic Suite 6.6. The statistical significance of differences between groups in gene expression levels determined by RT-qPCR was evaluated by an unpaired Student's t test using Prism version 6.0c (GraphPad Software, La Jolla, CA). Statistical analysis of differences between the control and NSC305787-treated animal groups in the incidence of lung metastasis and tumor weight was performed by Fisher's exact and Mann-Whitney U tests, respectively (IBM SPSS Statistics, version 21). Although a type I error level of less than 5% was used to infer statistical significance, when accompanied by clinically significant differences, analyses used a p value of less than 0.10 to flag differences that are close to the level of statistical significance.
Results

NSC305787 Inhibits Osteosarcoma Lung Metastasis in a
Transgenic Mouse Model-We investigated the in vivo antimetastatic effects of NSC305787 and NSC668394 in a clinically relevant model of osteosarcoma (27) . This genetically engineered mouse model is based on the restricted conditional deletion of Rb and Trp53 genes in osteoblast precursors using an osterix promoter-driven Cre recombinase, which induces spontaneous osteosarcoma formation with 100% penetrance (27) . Osx-Cre ϩ p53 fl/fl pRB fl/fl mice were maintained on a doxycycline diet during the period from conception until weaning (3 weeks of age) to repress the expression of Cre from Osx-Cre. This resulted in delayed osteosarcoma development with higher frequency of metastasis as previously reported (27) . These mice developed tumors mostly in the limbs (forelimbs/ hindlimbs), followed by the sacrum, spine, and ribs ( Table 2) .
The mice were monitored daily for clinical signs of tumorigenesis, such as changes in body condition, attitude, limping, poor feeding, grooming, or weight loss and followed up by x-ray Once a tumor was detected, the mice were randomized to control (DMSO) and treatment groups (i.p. with NSC305787 or NSC668394 at doses of 240 and 226 g/kg body weight, respectively, once daily, five times a week). The animals were euthanized when one of the following was observed: if primary tumor reached to 2.0 cm 3 in size, if the tumor showed signs of ulceration, or if animals showed signs of pain and distress. We started the experiment with 13 mice/group. However, in the NSC305787 treatment group three mice were found dead during the study. Mortalities occurred on weekends that prevented proper tissue recovery. This mortality rate of 23% (3 of 13) may indicate the potential toxicity of long term NSC305787 treatment. Because osteosarcoma commonly metastasizes to the lungs, we assessed the metastatic dissemination of tumor cells in the lung (Fig. 2) . We found that 85% (11 of 13) of mice in the control group had lung metastasis at the time of necropsy by histologic evaluation (Fig. 3A) . Treatment of mice with NSC305787 significantly suppressed pulmonary metastasis compared with the vehicle-treated control. Lung metastasis was observed only in 40% (4 of 10) of NSC305787-treated animals (p ϭ 0.039, Fisher's exact test) (Fig. 3A) . In contrast to NSC305787, NSC668694 treatment did not inhibit metastatic tumor formation in lungs (data not shown).
To rule out the possibility that the lower incidence of lung metastasis in NSC305787 treatment group might have resulted from smaller primary tumor volumes at the time of euthanasia, we assessed the effect of NSC305787 on primary tumor growth. Although NSC305787 treatment strongly reduced metastasis, it did not reduce primary tumor growth (p ϭ 0.14, Mann-Whitney U test) ( Fig. 3B ). Because animals were euthanized because of the primary tumor growth, no significant difference was observed in overall survival between two groups ( Table 2) . Taken together, these findings suggest that NSC305787 treatment inhibits ezrin-dependent lung metastasis of osteosarcoma.
Pharmacokinetic Analysis Demonstrates NSC305787 Has a Substantially Longer Plasma Half-life than NSC668394 -We previously published that the anti-ezrin compound NSC668394 did inhibit invasive phenotype in cell culture assays with ostesarcoma morphology similar to that seen in human tumors, with different amounts of osteoid production along with osteoblastic areas. Diverse morphology was seen in different parts of the same tumor, as well as in different tumors from differing mice. In some cases, tumor showed extension and invasion into the surrounding muscle tissues (white arrows). Scale is indicated on each image. osteosarcoma cells, and this activity was comparable with NSC305787 treatment (23) . However, in that manuscript the potent in vitro activity of NSC668394 did not translate into a robust in vivo activity, because it was found to be less effective than NSC305787 in increasing the overall survival in an experimental mouse metastasis model of osteosarcoma, in which highly metastatic K7M2 osteosarcoma cells were delivered by tail vein injection into mice (23) . Consistent with these observations, NSC668394 treatment had also no effect in reducing the incidence of lung metastasis in a transgenic mouse model of osteosarcoma in the present study as well (data not shown).
Because the differences in exposures may account for differences in their in vivo activities, we assessed the pharmacokinetics of NSC305787 and NSC668394 in female Balb/c mice. We first determined the plasma concentrations of NSC305787 and NSC668394 over a 6-h time course after a single i.p. injection at doses of 240 and 226 g/kg, respectively (Fig. 3C ). NSC305787 was observed at all the time points collected and was relatively consistent achieving ϳ16 ng/ml exposure after 6 h, whereas NSC668394 was undetectable after 1 h (Fig. 3C) . We next monitored the plasma concentrations of NSC305787 and NSC668394 over an extended time period after a single i.v. injection at the same doses (Fig. 3D) . NSC668394 pharmacokinetics demonstrated a monophasic elimination profile whether administered i.p. or i.v. (Fig. 3, C and D) . Similar to i.p. administration, NSC668394 was undetectable after 0.5 h, thus limiting the pharmacokinetic parameters that could be calculated. NSC305787 demonstrated a triphasic elimination profile after i.v. administration (Fig. 3D ). The C max and AUC inf were calculated to be 195.1 ng/ml and 415.3 ng⅐h/ml, respectively, following i.v. administration. NSC305787 had an elimination half-life and clearance of 13.6 h and 9.6 ml/min/kg, respectively (Table  3 ). These findings revealed that NSC305787 had a more favorable pharmacokinetic profile compared with NSC668394, which may be responsible for the lack of anti-metastatic effect of NSC668394 in mice.
Inhibition of Ezrin Function in Osteosarcoma Cells Induces Activation of Genes Involved in Integrated Stress Response
Signaling-We profiled global gene expression in MG63.3 human osteosarcoma cells after treatment with NSC305787 and NSC668394 to search for a specific pharmacodynamic marker(s) of response to ezrin inhibition. The cells were treated with 3.0 mol/liter of either compound or vehicle control for 6 h using five biological replicates per condition. Total RNA was isolated, and whole genome expression analysis was performed using Illumina HumanHT-12 v4 Expression BeadChips, which provides coverage for more than 47,000 transcripts and known splice variants across the human transcriptome. The comparison of microarray gene expression data in response to NSC305787 and NSC668394 treatment revealed that 16 genes were commonly up-regulated (p Ͻ 0.05, with a fold change cutoff of Ͼ1.5) ( Fig. 4A and supplemental Tables S1 and S2). It is of note that nearly all genes (15 of 16 genes) commonly induced, except LURAP1L, have been previously reported to be linked to integrated stress response pathway (Table 4 ), implicating that a common underlying mechanism may be shared by these compounds. Only 2 genes were down-regulated following NSC305787 treatment, whereas 90 transcripts were found to be down-regulated in NSC668394-treated cells (p Ͻ 0.05, with a fold change cutoff of Ͼ1.5). We did not detect any transcripts commonly down-regulated in response to both compounds (supplemental Tables S1 and S2).
We further validated the microarray data through extensive testing using real time qPCR. We determined the relative expression of five genes critically involved in integrated stress response, PTGS2, ATF3, DDIT3, DDIT4, and TRIB3 in human MG63.3 osteosarcoma cells and highly metastatic mouse K7M2 osteosarcoma cells. Canine osteosarcoma exhibits many similarities to its human counterpart with respect to tumor histology, biological behavior, transcriptional profiles, response to conventional therapies, early metastasis, and dysregulated expression of ezrin (12) . Given the similarities of canine and pediatric osteosarcomas, we included three canine osteosarcoma cells including MCKOS, SKKOS, and CSKOS to examine the effect of ezrin inhibitors on stress response gene expression, which may be used as surrogate pharmacodynamic marker in clinical trials involving canine osteosarcoma cohort.
Even though the microarray data demonstrated that ATF4 was induced 1.43-and 2.24-fold in response to NSC305787 and NSC668394 treatment, respectively, we included this gene in our panel for qPCR validation experiments because of its critical role in integrated stress response and homology to ATF3. As shown in Fig. 4B , the results for the analyzed genes in MG63.3 cells in response to both compounds were consistent with the microarray data. By using mouse-and canine-specific primers, we observed that mouse K7M2 osteosarcoma cells and canine MCKOS, SKKOS, and CSKOS osteosarcoma cells also exhibited the same gene expression pattern as the MG63.3 human osteosarcoma cells (Fig. 4, C and D) . We used PSMD7 gene encoding 26S proteasome non-ATPase regulatory subunit 7 protein as a control, because its expression was determined to be unaffected by either compound treatment in microarray gene expression analysis. We observed no change in PSMD7 mRNA levels in response to NSC305787 treatment for all canine osteosarcoma cells, suggesting a specific involvement of this pathway in ezrin function (Fig. 4D) . Recently, we have identified a compound, MMV667492, from the MMV400 "Malaria Box" library as a novel small molecule inhibitor of ezrin (29) . MMV667492 exhibited potent anti-ezrin activity in blocking cell motility and invasion in vitro, in vivo, and ex vivo experi- 
TABLE 3
Plasma pharmacokinetic parameters after i.v. administration of NSC305787 (240 g/kg) in Balb/c mice Pharmacokinetic parameters are as follows: C max is the maximum plasma concentration; T max is the time to reach maximum plasma concentration; AUC is the area under the compound concentration versus time; T1 ⁄ 2 is the elimination half-life; V is the volume of distribution; and Cl is the clearance.
Parameter
Value 's t test) . C, K7M2 mouse osteosarcoma cells were treated with 3.0 mol/liter of either compound for 6 h, and expression levels of the selected integrated stress response signature genes were determined using mouse-specific primers as explained in B (*, p Ͻ 0.05, compared with control; using an unpaired Student's t test). D, MCKOS, SKKOS, and CSKOS canine osteosarcoma cells were treated with 5.0 mol/liter of NSC305787 for 6 h, and expression levels of the selected integrated stress response signature genes were determined using caninespecific primers as explained in B except that GAPDH was used for normalization (*, p Ͻ 0.05, compared with control; using an unpaired Student's t test; ns, non-significant).
mental models (29) . To further verify that up-regulation of these transcripts is a specific response of cells to ezrin inhibition, we determined whether MMV667492 treatment affects the expression of integrated stress response effector genes. Consistent with above findings, treatment of MG63.3 and K7M2 cells with MMV667492 induced activation of genes with known functional significance related to integrated stress response signaling (Fig. 5A) . We further evaluated dose-dependent effects of ezrin inhibitors on the expression of downstream integrated stress response factors in K7M2 osteosarcoma cells. We tested the effects of compounds on stress response gene expression at sublethal concentrations. Because NSC305787 is ϳ2-fold more toxic than NSC668394 in K7M2 cells (IC 50 for 72 h: 2.9 M versus 5.9 M), we chose 1-3 and 3-10 M dose ranges for NSC305787 and NSC668394, respectively. Both NSC305787 and NSC668394 induced expression of integrated stress response signature genes in a dosage-dependent manner, whereas no change was observed in the expression of PSMD7 (Fig. 5B) .
We next examined whether the effect of ezrin inhibitors on the expression of genes involved in integrated stress response signaling can be recapitulated by siRNA-mediated depletion of ezrin in MG63.3 cells. We observed that there was a clear transcriptional response indicating an integrated stress response signature to the reduced levels of ezrin protein (Fig. 6A) . The relatively lower induction levels of ATF3, DDIT3, and TRIB3 compared with those in response to either compound treatment could be attributed to residual ezrin protein in cells (Fig. 6B) .
To confirm that anti-ezrin compound-mediated changes in target gene expression occur through inhibition of ezrin function, we compared the mRNA expression levels of the same set of genes in wild-type versus ezrin-depleted MG63.3 human osteosarcoma cells treated with the ezrin inhibitor NSC668394. We observed that up-regulation of integrated stress response signature genes was much weaker in cells with reduced ezrin levels compared with wild-type cells, indicating the specificity of the compounds on the ezrin-related biological pathways (Fig. 6C) .
Expression Analysis of Integrated Stress Response Signature Genes in Mice Reveals That DDIT4/REDD1 Can Be Used as a Specific Pharmacodynamic Marker of NSC305787 Activity-
We next sought to investigate whether NSC305787 treatment could lead to overexpression of integrated stress response signature genes including PTGS2, ATF3, DDIT3, DDIT4, TRIB3, and ATF4 in vivo. CD-1 mice were given a single i.p. injection of 240 g/kg NSC305787 once daily for 3 consecutive days. Expression analysis of the integrated stress response-related genes in PBMCs and skin of NSC305787-treated mice compared with a control group demonstrated up-regulation of DDIT4/REDD1 (Fig. 6D ), but not the other genes analyzed. Thus, these results suggest that the stress gene DDIT4/REDD1 may be used as a surrogate pharmacodynamic marker of response to ezrin inhibition by NSC305787 in future in vivo studies.
Discussion
Current conventional therapeutics targeting primarily cancer growth have shown limited efficacy in successful treatment of patients with metastatic disease, because of the exceedingly complex nature of metastatic process. Translation of biological knowledge into clinical practice remains challenging because there is currently a lack of anti-metastatic compounds specifically targeting metastatic regulators (30, 31) . Ezrin has been validated as a key determinant in the development of metastatic osteosarcoma, which supports the development of small molecule ezrin inhibitors (12, 19) . Ezrin is involved in all phases of metastasis including invasion, motility, and survival in a new environment, thereby highlighting its importance as a key therapeutic target in cancer (32) .
In the present study, we demonstrated that NSC305787 treatment but not NSC668394 inhibited the lung metastasis in Osx-Cre ϩ p53 fl/fl pRB fl/fl transgenic mice. Nevertheless, NSC 668394 can still be used as a tool for probing the biological mechanisms of action underlying ezrin-mediated metastatic behavior in cell culture assays. It should be noted that the inhibition of lung metastasis in response to NSC305787 treatment did not result in a significant reduction of primary tumor size and therefore did not alter the overall survival, because the ani- 
Novel Role of Ezrin in Gene Expression
mals were euthanized because of the primary tumor growth but not from the development of metastasis. Therefore, we were unable to examine the effect of NSC305787 on the overall survival of mice. Future studies involving the use of human xenograft or mouse allograft model of osteosarcoma, in which cells are injected orthotopically into the tibia of mice, should be able to overcome this obstacle. Amputation of the tumor-bearing limb would be an essential step in those models to avoid that mice becoming moribund because of primary tumor growth. This would allow us to study the likely favorable effect of NSC305787 treatment on overall survival caused by the suppression of metastatic development. Disseminated metastatic cells encounter various microenvironmental stresses in the circulation or after reaching a new environment where they must adapt and endure these stresses to survive and establish secondary tumors (33, 34) . Studies using human and mouse osteosarcoma cells expressing inactive ezrin demonstrated that dysregulation of ezrin function results in a consistent increase in apoptosis of cells early after their arrival in the lung with no effect on the growth of primary tumor (35) . In the present study, the comparison of global gene expression changes in response to NSC305787 and NSC668394 treatment indicated a common transcriptional regulation of genes with functional relevance to integrated stress response, suggesting a specific ezrin-mediated response in both human and mouse osteosarcoma cells ( Table 4 ). The integrated stress response is critical to cope with and alleviate physiological stress conditions (36 -38) , whereas its prolonged activation can signal cell death through the pro-apoptotic DDIT3/CHOP and TRIB3 through a not well understood mechanism (39, 40) . Our previous findings through a nano-LC-MS-MS-based proteomic approach and co-IP experiments demonstrated that ezrin interacts with proteins involved in translation initiation process and stress granule dynamics (21) . Given that the activation of integrated stress response promotes the formation of stress granules (41) , our observations suggest that ezrin may allow the cancer cells subjected to oncogenic/ stress conditions to survive by integrating stress response with the regulation of gene expression at both transcriptional and translational levels.
The transcription factor ATF3 has been previously identified to be highly expressed in EC109 esophageal squamous cell carcinoma (ESCC) cells after siRNA-mediated suppression of ezrin (Gene Expression Omnibus accession no. GSE6233) (42, 43) . Furthermore, consistent with this microarray data, immunohistochemical analysis of ESCC specimens and normal esophageal mucosae has demonstrated a negative correlation between ezrin levels and the level of ATF3 (42) . We compared our findings with the published data obtained using ESCC cells following ezrin knockdown to further test that whether a similar transcriptional signature involving integrated stress response signaling exists in epithelial origin esophageal cancer cells. Similar to our findings, we identified that 11 genes of 16 from Table 4 including PTGS2, ATF3, TRIB3, HERPUD1,  TSC22D3, GDF15, PPP1R15A, DUSP1, CDKN1A , NPC1, and ATF4 demonstrated significantly higher expression levels in ESCC cells after ezrin ablation, whereas no change was observed in the expression levels of control gene PSMD7 (Fig.  7) . Although we have demonstrated that the expression of DDIT3/CHOP and DDIT4/REDD1 genes were induced after treatment of osteosarcoma cells with either ezrin inhibitors or siRNA targeting ezrin, no such change was observed in ezrindepleted ESCC cells, suggesting that their expression can be regulated in a context-dependent manner (Fig. 7) .
Although studies have linked integrated stress response to autophagy, cell survival and death, differentiation, metastasis, amino acid metabolism, angiogenesis, resistance to oxidative stress, and drug resistance, much remains to be learned about how the integrated stress response is regulated and determines the fate of cancer cells. Suppression of ezrin expression or disruption of its function by expression of a dominant-negative ezrin T567A mutant has been shown to decrease the phosphorylation of both S6K1 and 4E-BP1, indicating the involvement of mTOR/S6K1/4E-BP1 pathway of translational regulation in ezrin-related metastatic behavior (44) . Furthermore, rapamycin, an inhibitor of mTORC1, led to decreased cell migration and invasion in K7M2 mouse osteosarcoma cells and significant inhibition of experimental pulmonary metastasis in mice (44) . It is interesting that several studies have identified the stress response gene DDIT4/REDD1 as an essential regulator of mTOR activity, which is transcriptionally activated in response to diverse stress conditions and leads to inhibition of mTORC1 pathway (45) (46) (47) (48) . Thus, our present findings together with those reports suggest that DDIT4/REDD1-mediated mTORC1 inhibition and dependent deregulation of translational machinery caused by inhibition of ezrin function or its reduced expression may lead to inhibition of metastasis. Accordingly, we postulate that the DDIT4/REDD1 gene might serve as a pharmacodynamic marker to monitor the effect of therapeutic inhibition of ezrin function for the inhibition of metastatic phenotype in osteosarcoma. Despite the fact that both the level and pattern of gene expression may change with respect to the dose and duration of inhibitor treatment, our findings nevertheless suggest a potential use for the stress gene DDIT4/REDD1 in patients for pharmacodynamic monitoring of ezrin inhibition. Early clinical trials will have to validate these findings for the clinical applicability of DDIT4/REDD1 as a surrogate pharmacodynamic marker in PBMCs and skin.
The pharmacokinetic analysis demonstrated that plasma concentrations of NSC305787 were in the nanomolar range 's t test) . B, K7M2 mouse osteosarcoma cells were treated with indicated concentrations of compounds, NSC305787 or NSC668394, or vehicle control for 6 h, and mRNA levels of PTGS2, ATF3, DDIT3, DDIT4, TRIB3, and ATF4 were measured by real time qPCR. The results were normalized to 18S rRNA levels and expressed as fold change over the control group. The values are presented as the means and standard deviations of triplicate determinations (*, p Ͻ 0.05, compared with control; using an unpaired Student's t test; ns, non-significant). FIGURE 6. Suppression of ezrin expression leads to increased mRNA levels of downstream integrated stress response signaling effector genes and results in loss of transcriptional response to anti-ezrin compound. A, expression of ezrin protein was inhibited by siRNA targeting ezrin in human MG63.3 osteosarcoma cells and mRNA levels of a set of selected integrated stress response signature genes including PTGS2, ATF3, DDIT3, DDIT4, TRIB3, and ATF4 were measured by real time qPCR. The results were normalized to 18S rRNA levels and expressed as fold change over the control. The values are presented as the means and standard deviations of triplicate determinations (*, p Ͻ 0.05, compared with siControl; using an unpaired Student's t test). B, Western blot showing ezrin levels from A. The protein levels were detected from total cell lysates at 72 h after transfection of cells with siRNA for ezrin. MW, molecular mass. C, ezrin expression was inhibited by a siRNA in MG63.3 cells, and cells were treated with either 3.0 mol/liter of NSC668394 or vehicle control for 6 h on the third day of transfection. The mRNA levels of PTGS2, ATF3, DDIT3, DDIT4, TRIB3, and ATF4 were measured by real time qPCR. The results were normalized to 18S rRNA levels and expressed as fold change over the vehicle control in both control siRNA and ezrin siRNA-transfected cells. The values are presented as the means and standard deviations of triplicate determinations (*, p Ͻ 0.05, compared with siControl; using an unpaired Student's t test). D, DDIT4/REDD1 gene may serve as a pharmacodynamic marker of response to ezrin inhibition by NSC305787 in vivo. DDIT4/REDD1 mRNA levels of PBMCs and skin were measured by real time qPCR after a short term i.p. treatment of CD-1 mice with NSC305787 at a dose of 240 g/kg once daily for 3 consecutive days. The results were normalized to 18S rRNA levels and expressed as 1/⌬Ct. Each sample was analyzed in triplicate, and each mouse in treatment and control group is designated by a specific symbol. Horizontal lines indicate mean values of all measurements in each group (*, p Ͻ 0.05, compared with control; using an unpaired Student's t test).
achieving an average steady-state level of 20.0 -35.0 nM within 6 -14 h of i.p. or i.v. administration (Fig. 3, C and D) , which were much lower than the concentrations used in cell line experiments (usually 1-3 M). The use of higher doses in in vivo experiments would likely achieve a stronger effect regarding the inhibition of metastasis. Hence, these findings will be helpful in guiding the dose optimization in future animal experiments as well as in clinical trials. Development of NSC305787 derivatives with improved solubility through medicinal biochemistry and evaluating different formulations could also improve the pharmacokinetic profile that can increase effective plasma concentration.
In summary, our data establish anti-ezrin compound NSC305787 as a potent anti-metastatic agent leading to inhibition of metastatic dissemination to the lung in a transgenic model of osteosarcoma and suggest that cytoplasmic ezrin, previously considered a dormant and inactive, may have important functions in regulating gene expression. A potential clinical application of ezrin inhibitors at early stages of disease before there is clinically detectable metastasis in lungs could be a promising therapy against this devastating and aggressive disease. 
